This paper proposes the design and simulation of Interval Type-2 Fuzzy Logic Control using MATLAB/Simulink to control the position of the bucket of the backhoe excavator robot during digging operations. In order to reach accurate position responses with minimum overshoot and minimum steady state error, Ant Colony Optimization (ACO) algorithm is used to tune the gains of the position and force parts for the forceposition controllers to obtain the best position responses. The joints are actuated by the electrohydraulic actuators. The force-position control incorporating two-Mamdani type-Proportional-Derivative-Interval Type-2 Fuzzy Logic Controllers for position control and 3-Proportional-Derivative Controllers for force control. The nonlinearity and uncertainty in the model that inherit in the electro hydraulic actuator system are also studied. The nonlinearity includes oil leakage and frictions in the joints. The friction model is represented as a Modified LuGre friction model in actuators. The excavator robot joints are subjected to Coulomb, viscous and stribeck friction. The uncertainty is represented by the variation of bulk modulus. It can be shown from the results that the ACO obtain the best gains of the controllers which enhances the position responses within the range of (19, 23 %) compared with the controllers tuned manually.
Introduction
Excavator is an earth moving machine which has four parts: Swing, Boom, Arm, and Bucket. A robotic excavator has a movable arm. It is used in construction sites. The types of excavators are: backhoe, dragline, suction excavator, long arm, power shovels and others. Excavators are used in many operations: mining excavations, digging, dumping and trenching, construction, powering building equipment, and roads. These operations use expensive equipment and work in dangerous environments. Mining companies can deal with problems of lack of labor by using robotic excavator which improves productivity, efficiency and operator safety [1, 2] .
The nonlinear model of a 4-DOF (3 active joints) excavator robot consists of three parts; kinematics, dynamics and hydraulics. The dynamic model has been presented in the autonomous digging mode; therefore, the swing motion is ignored. The backhoe excavator robot is actuated by electro-hydraulic servo system. Hydraulic actuator has high power capability, smooth response characteristics, highly nonlinear dynamics model and positioning capability. Friction in the excavator robot joint was not taken into consideration in most of the previous works.
In recent years, critical reviews on backhoe excavator robot have become an important topic. Many researchers have dealt with the modeling and control of robotic excavator. Koivo et al. in 1996 developed a complete dynamic model using the Newton-Euler approach for three links mechanism of robotic excavator [3] . Nguyen in 2000 developed a controller (a fuzzy sliding control) and a new observer is used [4] . Frankel in 2004, described a commercial backhoe excavator. It has been modified for haptic control research at Georgia Tech's Fluid Power and Motion Control Center. Electro-hydraulic valves and feedback sensors have been modified to the haptic backhoe and interfaced with a haptic joystick through a computerized control system [5] . Mitrev et al. in 2011 described work related to
Computer-aided design/Computer-aided manufacturing investigation of the mechanical system of large mining excavator with Tri-power system.
The investigation is performed in Autodesk Inventor environment [6] . Furthermore, Patel in 2015 developed the mathematical model for dynamic excavator robot [7] .
In this work, Interval Type-2 Fuzzy Logic control is used to control the position of the bucket backhoe excavator during digging operations. Design of force-position controller to overcome the nonlinearity inherent in the 4-DOF (3 active joints) for joints is explained when the detailed modelling of the 4-DOF (3 active joint) backhoe excavator robot actuated by electrohydraulic servo actuator system has been explained in details in references [1, 2, 4] . The design of the force-position controllers for the joints of the backhoe excavator robot incorporates two Proportional-Derivativeinterval-Type-2-Fuzzy Logic Control (2-PD-IT2FLC) for position control and three Proportional-Derivative (3-PD) controllers for force control. These controllers are designed to improve the desired position specification such as minimum error in position, minimum overshoot, and minimum oscillation. Ant Colony Optimization (ACO) is used to tune the gains of the position and force parts of the controllers to obtain the best ones. However, Figure ( There are two types of T2FLC: the Mamdani type and the Takagi-Sugeno-Kang (TSK) type. The differences between the two types are: the TSK membership fucntion is linear or constant and the Mamdani output membership is a shape. Furthermore, the Mamdani type needs type-reduction operations while the TSK doesn't need type-reduction operation. Methods used in type reduction operations include centroid, modified height, center of sum, center of sets, and height [1, 2] .
Design of Force-Position Control System
The force-position controllers are designed for tracking the desired position trajectory for the backhoe excavator robot. The force-position control strategy take into consideration the relationship between the position of the manipulator and the contact forces imposed by the environment. Such an interaction wants the control of motion and interaction forces. This relationship can be modeled by generalized forceposition characterized by inertia, damping and stiffness properties, related to the manipulator [1, 10, 11] . In this form, it is basically to use a PD position controller, with error and rate of error in position as inputs where the gains of the controller are adjusted in order to get different conspicuous force-positions. In this work, the gains of force-position controllers were tuned using proposed ACO algorithm [11, 12, 13] . Figure (4) shows the block diagram for the closed-loop backhoe excavator controlled system. The reference force for the boom, arm and bucket links are selected as [4] :
where ∈ × 1 represents the resistance force from environment and ∈ × 1 represents reference force, = � � are the desired forces of the joints in (Newton),
= [ ] are the forces that represent the hydraulic forces of the joints in (Newton), represents the hydraulic force of the boom link, represents the hydraulic force of the arm link and represents the hydraulic force of the bucket link. The parameters
are the positive constants. These parameters represent the inertia, damping and stiffness of each joint respectively. ,̇ and ̈ are the angular position, angular velocity and angular acceleration of the actual position of boom, arm and bucket respectively, ,̇ and ̈ represent the angular position, angular velocity and angular acceleration from the inverse kinematics model. They represent the desired joints of each link. However, Figure ( where (Actual joint angle) represents the joint angle for boom, arm and bucket links in (degree), the (Joint angle reference) represents the desired joint required for tracking the motion in (degree), and = [ 1 2 3 ] are the control signals of the controllers in (Volt).
Design of the Force-Position Controllers for Backhoe Excavator Robot
Since the backhoe excavator robot and the hydraulic system are highly nonlinear, the forceposition controller has the ability to deal with the nonlinearity and uncertainty of the backhoe excavator robot and to track the desired position trajectory with minimum error in position response for force interaction.
The PD-Like Interval Type-2 Fuzzy Logic Controller is designed as a position controller. The inputs to IT2FLC are the error signal ( ) and rate of error signal ( ). The position controller equation for joint ( ) is [1, 2] :
(2) where the inputs of the IT2FLC and output scaling factors are defined as: Proportional gain.
( ), derivative gain ( ), and output gain ( ). The IT2FLC is of Mamdani type. The inputs and the output membership functions are selected as seven Gaussian shaped, as shown in Figure (6) . The defuzzification technique is selected to be centroid method. Table ( 1) illustrates the rules of PD-like IT2FLC position controller. The choice of these rules is done using trial and error to reach the best response of the position. The linguistic variables membership functions of the IT2FLC are: NB (Negative Big), NM (Negative Medium), NS (Negative Small), Z (Zero), PS (Positive Small), PM (Positive Medium) and PB (Positive Big). The universe of discourse for the inputs and output are within (-1, 1). The parameters of the force controller incorporating in the force-position control are explained in equation (1) . These values represent a second order reference model with a selected damping ratio (ζ) and un-damped natural frequency ( ) [10, 11] . These parameters are selected to get the best desired forces, which are listed in Table (2) . The Simulink of the position controlled system is shown in Figure (7) and the Simulink of force controlled system is shown in Figure (8) . However, The Simulink of the complete force-position controlled system for 3 DOF's backhoe excavator robot is shown in Figure (9) . It consists of sub blocks of the kinematics model, dynamic model, hydraulic model, the position controller, the force controller, and the reference trajectory. 
Simulation Results
In this work, trigonometric trajectories are applied. The trajectory is the path followed by the end-effector manipulator of the excavator robot and applying the time-domain along the path followed. The trajectory is transformed into Cartesian coordinates system using the forward kinematics. In order to obtain the desired position trajectory = [ ] , the mathematical expression for trigonometric trajectory is used. The planed trigonometric trajectory has been explained in [7] . The trajectory is the time of planning the robot to arrive at the final position (end-effector) in total time of T t = 10 sec.
By applying the reference position trajectory, the gains of the PD-IT2FLC of the position control and the gains of the PD-control of the force controller for each joint are manually tuned using several trials and error and the best values are listed in Table ( 3). The axes position responses are shown in Figures (10) and (11) respectively. The criterion to measure the best position response is using the Mean Square Error (MSE):
where 2 ( ) is the error trajectory position in xaxis, 2 ( ) is the error trajectory position in yaxis, 2 ( ) is the error trajectory position in zaxis, and is the number of samples. The performance index (MSE) for position trajectory without changing bulk modulus and leakage is calculated and equals to 0.3817. The effect of the nonlinearity and uncertainty appear clearly in the result that causes the errors between the reference trajectory and the actual position of each axis. It is clear from Figure (11) that the actual position trajectory does not coincide with the reference one.
The effects of changing bulk modulus and leakage are both studied. By increasing the leakage 15% and bulk modulus 40% from nominal value, the same gains of the controllers illustrated in Table (3 The performing index (MSE) for the position trajectory with the effects of bulk modulus and leakage change is calculated and equals to 0.4224, the MSE is increasing because the effect of increasing both bulk modulus and leakage. When the value of MSE increases, this means increasing the error between the reference trajectory and the actual position, specially, in the end of trajectory. The match of the actual axis with the reference axis is not complete because of the effect of nonlinearity and uncertainty.
It is difficult to enhance position tracking performance using the controller gains tuned manually. The process of tuning the gains of the controllers consumes time and efforts. Also, the calculated MSE gives the indication that there is no match between the reference trajectory and the actual position inherent in the model. Ant Colony Optimization (ACO) is used as an optimization algorithm to tune the gains of PDlike IT2FLC position and PD-like force controllers in order to reach the best position performance. This minimization gives closer matching between the desired and the actual trajectory.
To obtain more accurate position responses, the values of the gains ( , and ) for each position and force controllers are tuned by ACO to achieve the desired specifications of minimum error in position response and minimum overshoot. ACO uses a pheromone matrix = � � for the construction of potential good solutions. The initial values of are set as:
= 0 ∀( , ), where 0 > 0. The probability ( ) of choosing a node j at node i is defined as [12, 13] :
The quantity of pheromone ∆ on each path may be defined as:
where is the value of the objective function found by the ant A and is the best solution carried out by the set of the ants until the current iteration.
The pheromone evaporation is a way to avoid unlimited increase of pheromone trails. Also, it allows the forgetfulness of the bad choices [12, 13] :
where ∆ is the quantity of pheromone on each path, NA is the number of ants and 0 is the evaporation rate 0 < 0 ≤ 1. The best parameters got to be used by ACO method to reach minimum performance index, as illustrated in Table ( 4) . These parameters have been used for carrying out the force-position controllers design using Ant Colony Optimization (ACO) for the position reference trajectory that was applied previously by using the Mean Square Error, equation (3): is the iteration number, and ℎ are constants that determine the relative influence of the pheromone values and the heuristic values on the decision of the ant. Many tests were done until reaching the best enhancement at minimum performance index and the largest enhancement at minimum fitness function. However, the gains of the force-position controllers obtained by the ACO are illustrated in Table (5) . The performance index (MSE) for the trajectory is calculated and equals to 0.3106. The effects of bulk modulus and leakage change are also studied. By increasing the leakage 15% and bulk modulus 40% from nominal values, using the gains of the controllers obtained by ACO tuning listed in Table ( 5) , the axes position response with changing both the bulk modulus and leakage are shown in Figure (17) and Figure  (18 ). There is a significant reduction in the error of position and the simulation results appear the ability of the ACO algorithm to control the system although changing the system parameters. The performing index (MSE) for the position trajectory with the effects of bulk modulus and leakage change is calculated and equals to 0.3433. 
Conclusions
Force-Position controllers were designed to control the proposed backhoe excavator robot in digging operations. The proposed controller using manual tuning could not accurately compensate the nonlinearity and uncertainty inherent in the model. Ant Colony Optimization (ACO) algorithm was used to tune the gains of the force and position controls of force-position controllers to satisfy the desired specification with minimum overshoot, minimum error in position response.
Results of applying trajectory under different conditions show an average enhancement in the position trajectory of (19, 23 %) as compared with conventional controllers when the errors in position were determined using Mean Square Error (MSE) criteria. This work proves that the Interval Type-2 Fuzzy Intelligent control is able to minimize errors in position with and without the effect of nonlinearity and uncertainty in model by obtaining the best gains of the controllers.
